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Abstract
A phenomenological model, proposed for the Kaonic Nuclear Cluster (KNC)
K−pp (or 2
K¯
H), is applied to the theoretical analysis of the KNC K−pnn (or S0).
The theoretical values of the binding energy and the width are equal to ǫS0 =
− 197MeV and ΓS0 = 16MeV. They agree well with the experimental data ǫexpS0 =
− 194.0+ 1.5− 4.4MeV and ΓexpS0 < 21MeV (PLB 597, 263 (2004)) and the theoretical
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1 Introduction
Recently [1] Suzuki et al. have announced the experimental discovery of the bound state
K−pnn, named S0(3115), with quantum numbers I(JP ) = 1(3
2
+
), the binding energy
ǫexpS0 = − 194.0+1.5− 4.4MeV and the width constrained by ΓexpS0 < 21MeV. The possible
existence of such a Kaonic Nuclear Cluster (KNC) as well as of the KNC K−pp (or 2
K¯
H),
which has been observed by the FINUDA Collaboration [2], has been pointed out by
Akaishi and Yamazaki within the potential model approach [3]–[5]. According to [1], the
main decay channels of the KNC S0(3115) are S0 → Σ−pn, S0 → Σ−d and S0 → Σ0nn,
where d is the deuteron. The decay channel S0 → Λ0nn is suppressed.
In this paper we extend the phenomenological quantum field theoretic model for the
KNC 2
K¯
H, proposed in [6], to the description of the KNC S0(3115). The binding energy
and the width of the KNC S0(3115) we define as [6]
− ǫS0 + i ΓS
0
2
=
∫
dτ Φ∗S0 M(K
−pnn→ K−pnn) ΦS0 , (1.1)
where dτ is an element of the phase space of the K−pnn system, ΦS0 is the wave function
of the KNC S0(3115) and M(K−pnn→ K−pnn) is the amplitude of K−pnn scattering.
In our model for the calculation of the scattering amplitude of the constituents of the
KNC we use the chiral Lagrangian with a non–linear realization of chiral SU(3)× SU(3)
symmetry and derivative meson–baryon couplings [7], accepted for the analysis of strong
low–energy interactions in ChPT [8] (see also [9, 10]). We calculate these amplitudes in
the tree–approximation to leading order in the large NC and chiral expansion, where NC
is the number of quark colour degrees of freedom [11]. According to Witten [11], the large
NC expansion is equivalent to the heavy–baryon approximation, applied in ChPT [8]–[10]
to the analysis of low–energy meson–baryon interactions (see also [12, 13]).
In our model the main part of correlations between constituents of the KNC are
described by the wave function of the KNC.
For the construction of the wave function ΦS0 one has to specify the structure of
the KNC S0(3115). The simplest structure of the bound K−pnn system with quantum
numbers I(JP ) = 1(3
2
+
) and the decay mode S0 → Λ0nn suppressed is (K−p)I=0(nn)ℓ=1I=1,
where the K−p pair is in the state with isospin I = 0, i.e. (K−p)I=0, and the nn pair is
in the P–wave and spin–triplet state with isospin I = 1, i.e. (nn)ℓ=1I=1.
The paper is organised as follows. In Section 2 we calculate the binding energy of the
KNC S0(3115). We get ǫS0 = −197MeV. According to [6], the dominant contribution
comes from the Weinberg–Tomozawa term forK−pnn scattering. In Section 3 we calculate
the partial widths of the decay modes S0 → Σ−pn, S0 → Σ−d, S0 → Σ0nn and S0 →
Λ0nn and the total width of the KNC S0(3115). We get ΓS0 = 16MeV. We show that the
dominant decay mode is S0 → Σ−pn with the partial width Γ(S0 → Σ−pn) = 15MeV.
We calculate the invariant–mass spectrum of the S0 → Σ−pn decay. In the Conclusion
we discuss the obtained results. In the Appendix we define the wave function ΦS0 of the
KNC S0(3115).
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Figure 1: Feynman diagrams giving in the tree–approximation contributions to the am-
plitude of the reaction K−pnn → K−pnn to next–to–leading order in the large NC and
chiral expansion with respect to the Weinberg–Tomozawa term.
2 Binding energy of the KNC S0(3115)
According to [6], the binding energy of the KNC S0(3115) is given by
− ǫS0 = 5
4
1
F 2π
(µ31ω21Ω1
π3
)1/2
= 197MeV, (2.1)
where Fπ = 92.4MeV is the PCAC constant of pseudoscalar mesons. Other parameters
µ1, ω1 and Ω1 are related to the wave function ΦS0 of the KNC S
0(3115) and defined
in the Appendix. The theoretical value agrees well with the experimental one ǫexpS0 =
− 194.0+1.5− 4.4MeV. The binding energy is defined by the contribution of the Weinberg–
Tomozawa term. This term gives the dominant contribution to the real part of the am-
plitude of elastic K−pnn scattering to leading order in the large NC and chiral expansion.
The correction of next–to–leading order in the large NC and chiral expansion to the
Weinberg–Tomozawa term is defined by the diagrams in Fig. 1. The calculation of dia-
grams in Fig. 1 is carried out using the chiral Lagrangian with a non–linear realization of
chiral SU(3)× SU(3) symmetry and derivative meson–baryon couplings [6]. For NC = 3
such a correction makes up a few percent of the Weinberg–Tomozawa term.
3 Width of the KNC S0(3115)
In this section we calculate the partial widths of the decay modes S0 → Σ−pn, S0 → Σ−d,
S0 → Σ0nn and S0 → Λ0nn and the total width ΓS0 of the KNC S0(3115). For the total
width we get the value ΓS0 = 16MeV, agreeing well with the experimental data [1]
ΓS0 < 21MeV and the potential model prediction ΓS0 = 13MeV [4] (see also [5]).
3.1 The S0 → Σ−pn decay mode
The Feynman diagrams of the reaction K−pnn → Σ−pn are depicted in Fig. 2. In the
tree–approximation these diagrams give the main contribution to the amplitude of the
S0 → Σ−pn decay to leading order in the large NC and chiral expansion. The calculation
of these diagrams is carried out using the chiral Lagrangian with chiral SU(3) × SU(3)
symmetry and derivative meson–baryon couplings (see Appendix B of Ref.[6]). The partial
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Figure 2: Feynman diagrams of the amplitude of the reaction K−pnn→ Σ−pn giving in
the tree–approximation the main contribution to leading order in the large NC and chiral
expansion.
width of the S0 → Σ−pn decay is equal to
Γ(S0 → Σ−pn) =
(µ31ω21Ω1
π3
)1/2(µ2ω2
π
)3/2(µ3ω3
π
)5/2 9
32π2
g2πNN
mKm4πF
8
π
√
2µ3
mN
× ε2 f(ε) = 15MeV, (3.1)
where gπNN = gAmN/Fπ = 13.3 is the πNN coupling constant [14, 15], ε = mS0 −
2mN −mΣ = 44MeV is the energy excess calculated for mN = 940 and mΣ = 1193MeV,
µ = 2mNmΣ/(2mN +mΣ) = 730MeV and f(ε) = 0.78 is the contribution of the phase
volume of the Σ−pn state. The parameters µi, ωi for (i=1,2,3) and Ω1 of the wave function
ΦS0 of the KNC S
0(3115) are defined in the Appendix.
3.2 Invariant–mass spectrum of the S0 → Σ−pn decay
Following [16] we calculate the invariant–mass spectrum of the S0 → Σ−pn decay. For
this aim we use the following variables [16]
X = m2np = (En + Ep)
2 − (~kn + ~kp)2 , Y = m2Σp = (EΣ− + Ep)2 − (~kΣ + ~kp)2, (3.2)
which have the meaning of the invariant–squared masses of the np and Σ−p pairs, respec-
tively. At the rest frame of the KNC S0(3115) in terms of the variables (X, Y ) the kinetic
energies of the neutron and the proton are given by
Tn =
(mS0 −mN)2 − Y
2mS0
, Tp = ε− (mS0 −mΣ)
2 + (mS0 −mN)2 −X − Y
2mS0
. (3.3)
The invariant–mass spectrum or the Dalitz density distribution of the S0 → Σ−pn decay
is defined by
m3S0
d2Γ(S0 → Σ−pn)
dXdY
=
(µ31ω21Ω1
π3
)1/2(µ2ω2
π
)3/2(µ3ω3
π
)5/2 9
128π2
g2πNNmΣmS0
mKm4πF
8
π
× [A(X, Y ) +B(X, Y ) + C(X, Y ) +D(X, Y )]2 =
= 10 [A(X, Y ) +B(X, Y ) + C(X, Y ) +D(X, Y )]2. (3.4)
In the (X, Y )–plane the Dalitz domain is bounded by the curve with Xmin = 4m
2
N ,
Xmax = (mS0 −mΣ)2, Ymin = (mΣ +mN)2 and Ymax = (mS0 −mN )2 [16]. The invariant–
mass spectrum of the S0 → Σ−pn is represented in Fig. 3.
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Figure 3: The invariant–mass spectrum of the S0 → Σ−pn decay in the variables X = m2np
and Y = m2Σp [16].
3.3 The S0 → Σ−d decay mode
The partial width of the S0 → Σ−d decay is equal to [17]
Γ(S0 → Σ−d) =
(µ31ω21Ω1
π3
)1/2(µ2ω2
π
)3/2(µ3ω3
π
)5/2 9 g2πNNmΣQΣd
4mKmNmS0m4πF
8
π
×
∣∣∣ ∫ d3k
(2π)3
Φd(k)
1− 1
2
rtnpa
t
npk
2 − i atnpk
(A+B + C +D)
∣∣∣2 = 1MeV, (3.5)
where the amplitudes A, B, C and D are defined by the corresponding Feynman diagrams
in Fig. 2, QΣd = 266MeV is a relative momentum of the Σ
−d pair, Φd(k) =
√
8πγ/(γ2+k2)
is the wave function of the deuteron in the ground state in the momentum representation
and γ = 1/Rd = 46MeV [18]. The amplitude of the np scattering is defined according to
[19] (see also [17]) and taken in the effective range approximation
k cot δnp(k) = − 1
atnp
+
1
2
rtnpk, (3.6)
where δnp(k) is the phase shift of the np scattering in the
3S1 state, a
t
np = (5.424±0.004) fm
and rtnp = (1.759 ± 0.005) fm are the S–wave scattering length and effective range of np
scattering in the 3S1 state [18].
The main contribution to the integral comes from the relative momenta k ∼ 100MeV,
and 94% of the value of the integral are concentrated in the region 0 ≤ k ≤ 200MeV. For
the relative momenta k = 100MeV and k = 200MeV the phase shift of the np scattering,
defined by the effective range approximation (3.6), is equal to δnp = 85.3
0 and δnp = 54.6
0,
respectively. These values agree well with the SAID analysis of the experimental data on
the np scattering in the 3S1 state [20]: δnp = 85.84
0 and δnp = 48.84
0, respectively.
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Figure 4: Feynman diagrams of the amplitudes of the reactions K−pnn → Λ0nn and
K−pnn→ Σ0nn giving in the tree–approximation the main contribution to leading order
in the large NC and chiral expansion.
3.4 The S0 → Σ0nn and S0 → Λ0nn decay modes
The amplitudes of the S0 → Σ0nn and S0 → Λ0nn decays are defined by the integrals
of the amplitudes of the reactions K−pnn → Σ0nn and K−pnn → Λ0nn with the wave
function ΦS0 of the KNC S
0(3115). Feynman diagrams of the amplitudes of the reactions
K−pnn → Σ0nn and K−pnn → Λ0nn are depicted in Fig.4. In the tree–approximation
these diagrams give the main contribution to leading order in the large NC and chiral
expansion. The contributions of the amplitudes of the reactions K−pnn → Σ0nn and
K−pnn→ Λ0nn, calculated to leading order in the large NC and chiral expansion, to the
amplitudes of the S0 → Σ0nn and S0 → Λ0nn decays vanish. This means that the decay
modes S0 → Σ0nn and S0 → Λ0nn are suppressed to leading order in the large NC and
chiral expansion.
3.5 Width of the KNC S0(3115)
The width of the KNC S0(3115) is defined by the sum of the partial widths of all modes.
Since the dominant modes are S0 → Σ−pn and S0 → Σ−d, the width of the S0(3115) is
equal to
ΓS0 = 16MeV. (3.7)
This agrees well with the experimental constraint ΓexpS0 < 21MeV and the theoretical value
ΓS0 = 13MeV, predicted by Akaishi and Yamazaki within the potential model approach
[4] (see also [5]).
4 Conclusion
The phenomenological quantum field theoretic model of the KNC K−pp (or 2
K¯
H), pro-
posed in [6], is extended to the description of the KNC S0(3115) with quantum numbers
I(JP ) = 1(3
2
+
) [1]. The wave function of the KNC S0(3115) is taken in the oscillator
form. The frequencies of oscillations are related to the frequency ω, describing longitu-
dinal oscillations of the K−–meson with respect to the pp pair in the KNC 2
K¯
H [6]. The
value of the frequency ω = 64MeV has been calculated in [6] by fitting the width of the
Λ0(1405) hyperon, treated as a bound K−p state 1
K¯
H.
We would like to make clear the title of our model namely “The phenomenological
quantum field theoretic model”. On the one hand our model is “phenomenological”, since
6
we construct the wave function of the KNC, the parameters of which are fixed in terms of
the experimental data on the width and mass of the Λ(1405) hyperon. On the other hand
our model is “quantum field theoretic”, since to the calculation of scattering amplitudes
of the constituents of the KNC we apply the chiral Lagrangian with chiral SU(3)×SU(3)
symmetry and derivative meson–baryon couplings, ChPT and the large NC expansion.
The binding energy ǫS0 = − 197.0MeV and the width ΓS0 = 16MeV, calculated in our
model, agree well with the experimental data ǫexpS0 = − 194.0+1.5− 4.4MeV and ΓexpS0 < 21MeV.
We have found that the decay mode S0 → Σ−pn is dominant, whereas the decay modes
S0 → Σ0nn and S0 → Λ0nn are suppressed. The calculation of the amplitudes of elastic
and inelastic K−pnn scattering we have carried out using the chiral Lagrangian with the
non–linear realization of chiral SU(3) × SU(3) symmetry and derivative meson–baryon
couplings (see Appendix B of Ref.[6]). We have kept the contributions of leading order
in the large NC and chiral expansion [6]. In more detail the experimental analysis of the
theoretical amplitude of the S0 → Σ−pn decay can be obtained through the measurements
of the invariant–mass spectrum [16]. The theoretical invariant–mass spectrum of the
S0 → Σ−pn decay is given by Eq.(3.4) and represented in Fig. 3.
We would like to accentuate that our theoretical predictions for the binding energy
ǫS0 = − 197.0MeV and the width ΓS0 = 16MeV of the KNC S0(3115) agree well with
results, obtained by Akaishi and Yamazaki within the potential model approach [4] (see
also [5]): ǫS0 = − 191.0MeV and Γ(S0 → Σ−pn) = 13MeV.
However one can show that in our model the nuclear matter density of the KNC
S0(3115) is smaller by factor 3 than nS0(0) = 1.56 fm
−3, predicted in the potential model
approach [5]. Indeed, using the wave function of the KNC S0(3115) one can calculate the
nuclear matter density at the center of mass of the K−pnn system. This gives
nS0(0) = 3
(µ31ω21Ω1
π3
)1/2
= 0.53 fm−3. (4.8)
The obtained result is larger by a factor 4 than the normal nuclear matter density n0 =
0.14 fm−3, but it is smaller by factor 3 than nS0(0) = 1.56 fm
−3, predicted by Akaishi and
Yamazaki.
Our approach for the analysis of the Kaonic Nuclear ClustersK−p (or Λ0(1405)),K−pp
and K−pnn can be applied to the description of the Kaonic Nuclear Clusters K−ppn with
isospin I = 0, K−ppn and K−ppp with isospin I = 1, K−NNNN and so on [5].
Appendix A: Wave function ΦS0 of the KNC S
0(3115)
In the momentum representation the wave function ΦS0 of the KNC S
0(3115) is defined
by [6]
ΦS0(~q,~k, ~Q )JM = ΦK(~q )Φp(nn)(~k )Φnn(Q)ΨJM( ~Q ). (A-1)
This wave function describes the K−pnn system with total momentum J = 3
2
and positive
parity, where ΦK(~q ), Φp(nn)(~k ) and Φnn( ~Q ) are the wave functions of harmonic oscillators
[6]
ΦK(~q ) =
( 64π3
µ31ω
2
1Ω1
)1/4
exp
(
− ~q
2
⊥
2µ1ω1
− ~q
2
‖
2µ1Ω1
)
,
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Φp(nn)(~k ) =
( 4π
µ2ω2
)3/4
exp
(
−
~k 2
2µ2ω2
)
,
Φnn( ~Q ) = Φnn(Q) Y1m(ϑ~Q, ϕ ~Q) =
=
8√
3
( π
µ3ω3
)5/4
| ~Q| exp
(
−
~Q 2
2µ3ω3
)
Y1m(ϑ~Q, ϕ ~Q), (A-2)
where the nn pair is in the P–wave state, Y1m(ϑ~Q, ϕ ~Q) is a spherical harmonic, m = 0,±1
is a magnetic quantum number. The frequencies and the reduced masses are
ω1 =
√
3
2
µ
µ1
ω = 76MeV , µ1 =
3mKmN
mK + 3mN
= 420MeV
Ω1 =
√
3ω1 = 132MeV,
ω2 =
√
µ
µ2
ω = 51MeV , µ2 =
2
3
mN = 630MeV,
ω3 =
1
2
√
µ
µ3
ω = 30MeV , µ3 =
1
2
mN = 470MeV, (A-3)
where ω = 64MeV is the frequency of the longitudinal oscillation of the K−–meson
relative to the pp pair in the KNC 2
K¯
H [6] and µ = 2mKmN/(mK+2mN) = 391MeV is the
reduced mass of the K−(pp) system, calculated for mK = 494MeV and mN = 940MeV.
The value ω = 64MeV is obtained from the fit of the width of the Λ0(1405) hyperon,
treated as a bound K−p state [6].
The wave functions ΦK(~q ), Φp(nn)(~k ) and Φnn( ~Q ) are normalised by∫
d3q
(2π)3
|ΦK(~q )|2 =
∫
d3k
(2π)3
|Φp(nn)(~k )|2 =
∫
d3Q
(2π)3
|Φnn( ~Q )|2 = 1. (A-4)
This gives ∫
d3q
(2π)3
ΦK(~q ) =
(µ31ω21Ω1
π3
)1/4
,
∫
d3k
(2π)3
Φp(nn)(~k ) =
(µ2ω2
π
)3/4
,∫
d3Q
(2π)3
QΦnn(Q) =
12π√
6
(µ3ω3
π
)5/4
. (A-5)
The wave functions ΦK(~q ), Φp(nn)(~k ) and Φnn( ~Q ) describe oscillations of the K
−–meson
relative to the pnn system, the proton relative to the nn pair and the neutrons in the nn
pair, respectively. The K−pnn system with the wave function (A-1) possesses positive
parity.
Since the total angular momentum of the KNC S0(3115) is J = 3
2
[1, 4, 5], the wave
functions ΨJM( ~Q ) of the angular momentum of the KNC S
0(3115) are defined by
Ψ 3
2
,+ 3
2
=
1
2
Y1,+1
[
χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,− 1
2
+ χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,+ 1
2
]
χ
(p)
1
2
,+ 1
2
− 1√
2
Y1,0 χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,+ 1
2
χ
(p)
1
2
,+ 1
2
Ψ 3
2
,+ 1
2
=
1√
12
Y1,+1
[
χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,− 1
2
+ χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,+ 1
2
]
χ
(p)
1
2
,− 1
2
+
1√
3
Y1,+1 χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,− 1
2
χ
(p)
1
2
,+ 1
2
− 1√
6
Y1,0 χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,+ 1
2
χ
(p)
1
2
,− 1
2
− 1√
3
Y1,−1 χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,+ 1
2
χ
(p)
1
2
,+ 1
2
,
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Ψ 3
2
,− 1
2
=
1√
3
Y1,+1 χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,− 1
2
χ
(p)
1
2
,− 1
2
+
1√
6
Y1,0 χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,− 1
2
χ
(p)
1
2
,+ 1
2
− 1√
3
Y1,−1 χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,+ 1
2
χ
(p)
1
2
,− 1
2
− 1√
12
Y1,−1
[
χ
(1)
1
2
,+ 1
2
χ
(2)
1
2
,− 1
2
+ χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,+ 1
2
]
χ
(p)
1
2
,+ 1
2
,
Ψ 3
2
,− 3
2
=
1√
2
Y1,0 χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,− 1
2
χ
(p)
1
2
,− 1
2
− 1
2
Y1,−1 + χ
(1)
1
2
,− 1
2
χ
(2)
1
2
,+ 1
2
]
χ
(p)
1
2
,+ 1
2
, (A-6)
where χ
(a)
1
2
,± 1
2
with a = 1, 2, p are the spinorial wave functions of the neutrons and the
proton, respectively.
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